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Abstract

Repeated exposure to drugs of abuse induces a variety of persistent changes in the brain and the
dopamine D1 receptor plays a major role in the process. To understand intracellular mechanisms
contributing to cocaine-induced neuroadaptations, we previously examined the role of the immediate
early gene Fos using a mouse in which Fos is disrupted primarily in D1 receptor-expressing neurons
in the brain. We found that both dendritic remodeling of medium spiny neurons and behavioral
sensitization induced by repeated exposure to cocaine are attenuated in the mutant mice. Moreover,
the expression of genes encoding several transcription factors, neurotransmitter receptors and
intracellular signaling molecules following repeated cocaine administration is altered in the mutant
mice compared to that in wild-type mice. In the present study, we have investigated the role of Fos
in regulating neuronal excitability at a cellular level and found that medium spiny nucleus accumbens
neurons in the mutant mice exhibit increased excitability and attenuated inhibitory responses to
stimulation of D1 receptors compared to those in wild-type mice. Our findings suggest that Fos
functions in D1 receptor-bearing neurons to regulate neuronal activity which may contribute to the
persistence of drug-induced changes.
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Drug addiction is a brain disease that is long-lasting with a high propensity to relapse [8,10,
23]. Pharmacological and genetic studies suggest that the dopamine (DA) D1 receptor plays a
critical role in mediating the neurobiological effects of cocaine [2,6,9,17,19-22,24-25,28]. The
most prominent cellular responses to D1 receptor agonists and cocaine administration are a
transient up-regulation of the immediate early gene Fos in the brain [1,3-4,11-15]. A functional
D1 receptor is required for the Fos induction by cocaine [14,24-25,28]. To investigate
intracellular mechanisms associated with the D1 receptor that may contribute to persistent
changes induced by cocaine, we previously made a mouse in which Fos is mutated primarily
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in D1 receptor-expressing neurons (f/fc-fos-D1-cre) [26-27]. Using this mouse model, we
found that both dendritic remodeling of medium spiny neurons and behavioral sensitization
induced by repeated exposure to cocaine are attenuated in the mutant mice [27]. Moreover, the
expression of genes encoding several transcription factors, neurotransmitter receptors and
intracellular signaling molecules following repeated cocaine administration is altered in the
mutant mice compared to that in wild-type mice [27]. These finding suggest that Fos expression
in D1 receptor-bearing neurons contributes to cocaine-induced neuroadaptations [27].

It remains unclear, however, whether and how Fos may regulate neuronal activity of D1
receptor-bearing medium spiny neurons. In the current study, we further investigated this issue.
We used f/fc-fos-D1-cre and their wild-type control littermates 7 to 28 weeks of age for all the
analyses. Equal number of male and female mice was used in the study. Experiments were
carried out in accordance with the National Institute of Health Guide for the Care and Use of
Laboratory Animals. Mice were decapitated under halothane anesthesia and the brains were
excised and dissected into ~3 mm blocks containing the nucleus accumbens (NAc). The blocks
were immersed in ice-cold artificial cerebrospinal fluid (aCSF). 300 um coronal slices were
cut and incubated in oxygenated aCSF for 1 hour at room temperature before recording. Brain
slices were anchored in the recording chamber and perfused by gravity-fed oxygenated aCSF
at 34°C. Patch pipettes (3-5 MQ) were filled with an internal solution [5] and used for current-
clamp recording in visually identified medium spiny neurons in the NAc using differential
interference contrast microscopy [18]. Electrical signals were amplified in bridge mode using
a SEC-05L npi amplifier (ALA Instruments), digitized by a DigiData 1200 Series (Axon
Instruments), and distributed to a computer running pCLAMP 7.01 software (Axon
Instruments). The current-voltage relationships were studied by injecting step constant current
pulses (500 msec duration, -0.8 to +0.8 nA) through the recording electrode. Passive and active
membrane properties were studied as described [29]. Only cells with a resting membrane
potential of at least -70 mV, stable baseline recordings, and evoked spikes that overshot 0 mV
were used for analysis and drug treatment. The D1 receptor agonist SKF38393 was applied to
the medium at 1 uM and its effects on evoked action potentials of NAc neurons were studied.
The current-voltage and current-evoked spike relationships were analyzed by analysis of
variance (ANOVA) with repeated measures and post-hoc comparisons carried out by using
Newman-Keuls test. Student's t-test was also used to compare the neuronal responses to
SKF38393 between cells recorded from wild-type and f/fc-fos-D1-cre mice.

Basal Fos expression may regulate neuronal activity and mediate neurophysiological responses
elicited by D1 receptor stimulation in the NAc. To investigate these possibilities, we performed
current clamp recordings in medium spiny neurons in the core of the NAc of wild-type and f/
fc-fos-D1-cre mice. All neurons were recorded with stabilized resting membrane potentials in
the -82 to -70 mV range [7,16]. No spontaneous activity in either wild-type or f/fc-fos-D1-
cre neurons was recorded in the NAc. Statistical analysis of the membrane properties indicates
that there was no significant difference in the resting membrane potential, input resistance,
action potential threshold, and duration measured at the half amplitude of action potential
between NAc neurons in wild-type and f/fc-fos-D1-cre mice (Table 1). Injection of
depolarizing current pulses evoked Na*-dependent action potentials in wild-type NAc neurons
(Fig. 1A). However, the number of action potentials evoked by a 200 ms of depolarizing current
pulse (firing frequency) was markedly increased in NAc neurons in f/fc-fos-D1-cre mice (Fig.
1A). The currents required for generating the initial action potential in f/fc-fos-D1-cre neurons
were also significantly reduced as compared to wild-type neurons (Table 1). The current-spike
response curves show that the evoked firing frequency in f/fc-fos-D1-cre neurons was
significantly higher than that in wild-type neurons (F1 1,=5.50, p < 0.05; post hoc Newman-
Keuls test, p < 0.05) (Fig. 1B). Analysis of the characteristics of evoked action potentials
indicates that the amplitude of both the spike and after-hyperpolarization was significantly
reduced in f/fc-fos-D1-cre neurons as compared to wild-type neurons (Fig. 1C and Table 1).

Neurosci Lett. Author manuscript; available in PMC 2009 December 19.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hu et al.

Page 3

The inward rectification during membrane hyperpolarization and the subthreshold excitability
during membrane depolarization were not markedly affected by the Fos mutation. Thus, the
current-voltage relationship in NAc neurons was not significantly changed in f/fc-fos-D1-cre
mice (Fig. 1D).

D1 receptor stimulation by SKF38393 (1 uM) suppressed evoked action potentials in NAc core
neurons in wild-type mice (Fig. 2A). In contrast, this inhibitory effect was abolished in f/fc-
fos-D1-cre neurons (Fig. 2B). The time course of evoked spikes shows that the SKF38393-
mediated inhibition of evoked action potentials in wild-type NAc neurons was time-dependent,
and this effect was significantly attenuated in f/fc-fos-D1-cre neurons (Fq 14=8.59, p < 0.05;
post hoc Newman-Keuls test, p < 0.05) (Fig. 2C). The SKF38393-induced suppression of
evoked action potentials was reversible and can be washed out by fresh medium. We previously
demonstrated that the D1 receptor-modulated reduction in voltage-sensitive Na* currents and
high voltage-activated non-L type Ca2* currents contributes primarily to decrease of action
potentials [7,21,29-30]. Interestingly, D1 receptor stimulation also depolarized resting
membrane potential in these NAc cells and whether this depolarization could be attributed to
inhibition of the two-pore domain K* channels remains to be determined. However, the resting
membrane potential depolarization induced by SKF38393 was significantly attenuated in f/fc-
fos-D1-cre neurons (wild-type vs f/fc-fos-D1-cre: 7.2 £ 1.6 vs 2.3 £ 0.9 mV; Student t-test, p
< 0.05) (Fig. 2D). Based on the fact that D1 receptor stimulation facilitates PKA activity that
consequently activates Fos, and that a Fos mutation is associated with significant reduction of
the D1 receptor effects on depressing action potentials, we propose that D1 receptors and c-
Fos proteins functionally interact to regulate neuronal activity in the NAc.

Our findings demonstrate that a Fos mutation in D1 receptor-bearing neurons results in an
increase in neuronal excitability of the majority of medium spiny NAc core cells that was
reflected by increased firing and reduced inhibition of evoked action potentials mediated by
the D1 receptor. We previously showed that the majority of medium spiny NAc neurons
responds to application of selective D1 receptor agonists [7,21,29]. Our current results indicate
that modulation of neuronal activity by D1 receptors via c-Fos protein-mediated signaling is
significantly attenuated in f/fc-fos-D1-cre NAc neurons. They also suggest that D1 receptor-
mediated ion channel function, including but not limited to that associated with the cAMP/
PKA cascade [8], are markedly altered in these neurons. The exact mechanisms that underlie
this increase in excitability in f/fc-fos-D1-cre NAc neurons are unknown. It is also unclear
whether the Fos mutation affects activity of neurons that primarily express D2 receptors in the
NAc by a D1 receptor enabling mechanism [21]. Despite these unresolved issues, changes in
resting membrane potential and firing, along with altered amplitude in evoked spikes and after-
hyperpolarization, suggest involvement of multiple types of ion channels and/or ionotropic
receptors in Fos-regulated neuronal activity.

The NAc is implicated in mediating drug effects and the persistence of cocaine-induced
behavioral sensitization is in parallel with enhanced inhibitory responses of NAc neurons to
cocaine and DA challenges [6]. In contrast to the increased excitability induced by the Fos
mutation, repeated cocaine administration significantly decreases the membrane excitability
of NAc neurons. This decrease results primarily from a reduction in voltage-sensitive Na* and
Ca®* currents, along with an increase in voltage-gated K* currents [7,29-30]. Given that
cocaine indirectly potentiates D1 receptor stimulation by enhancing DA neurotransmission,
and the D1 receptor-coupled cCAMP/PKA cascade activates Fos induction [14,24-25,28], we
anticipate that alterations in NAc neuronal activity induced by repeated cocaine administration
would be eliminated or at least attenuated in f/fc-fos-D1-cre medium spiny NAc cells. Indeed,
we have demonstrated that chronic cocaine-induced dendritic remodeling in the NAc [27] and
behavior sensitization were significantly attenuated in f/fc-fos-D1-cre mice [27]. Therefore, it
is likely that Fos plays an important role in chronic cocaine-induced neuronal and behavioral
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adaptations, and mutating this gene in D1 receptor-expressing medium spiny NAc neurons
would diminish the functional consequences of chronic exposure to cocaine at the neuronal
and behavioral levels. Future investigations are necessary to examine this assumption and
underlying mechanisms.

Combined with previous results, the novel findings from the present study support a model in
which c-Fos proteins may function as an intracellular regulator downstream from the D1
receptor that contributes to vulnerability to cocaine. By modulating the activity of membrane
ion channels possibly via affecting their expression and/or structural conformation, basal c-
Fos proteins regulate the activity and responsiveness of NAc neurons to cocaine. On the other
hand, by influencing the level and composition of activator protein 1 transcription complexes
after repeated exposure to cocaine, c-Fos proteins regulate the expression of target genes that
can modulate neurotransmission and neuronal connectivity [27]. Together, these c-Fos-
mediated events may contribute to the persistence of drug dependence.
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Figure 1.

Evoked neuronal activity is enhanced in the NAc of f/fc-fos-D1-cre (mutant) mice as compared
to wild-type mice. (A) Representative traces showing that depolarizing currents evoke more
action potentials in NAc neurons in f/fc-fos-D1-cre mice compared to those in wild-type mice
(n=10-12 cells per group). (B) There isasignificant difference in current-evoked spike response
curves between NAc neurons in wild-type and f/fc-fos-D1-cre mice (F1 12=5.50; p < 0.05,
Newman-Keuls test, *p < 0.05). (C) Representative action potential traces indicate that the
amplitude of action potentials (AP) and after-hyperpolarization (AHP) was reduced in NAc
neurons in f/fc-fos-D1-cre mice compared to wild-type mice. (D) The current-voltage
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relationship shows that the inward rectification during membrane hyperpolarization is not
affected by the Fos mutation in f/fc-fos-D1-cre mice.
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Figure 2.

D1 receptor-mediated suppression of evoked action potentials is attenuated in NAc neurons in
f/fc-fos-D1-cre (mutant) mice. (A) D1 receptor stimulation reduces evoked firing of NAc
neurons (n=8) in wild-type mice. (B) The inhibitory effects of D1 receptor stimulation on
evoked spikes (n=9 neurons) are attenuated in NAc neurons in f/fc-fos-D1-cre mice. (C) D1
receptor-mediated inhibition is abolished in NAc neurons of f/fc-fos-D1-cre mice. There is a
significant attenuation in suppression of evoked firing by SKF38393 in NAc neurons in f/fc-
fos-D1-cre mice compared to that in wild-type mice (F1 14=8.59; p < 0.05, *Newman-Keuls
test, p < 0.05). (D) Depolarization of the resting membrane potential (RMP) induced by
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SKF38393 is significantly attenuated in NAc neurons of f/fc-fos-D1-cre mice as compared to
wild-type mice (Student's t-test, *p < 0.05).
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Group Wild-Type Mutant
Number of neurons 10 12
Passive Membrane properties

RMP (mV) -79.02 +0.93 -79.37+0.41
Rj, (mW) 128.65 + 24.59 159.17 £ 15.90
Active Membrane Properties

Current to generate AP (nA) 0.29 +0.04 0.20+0.01*
AP threshold (mV) -33.93+1.09 -34.27+1.19
AP amplitude (mV) 74.86 + 1.86 67.83 £ 1.67*
Y%AP duration (msec) 1.09 +0.05 1.17+0.04
AHP amplitude (mV) 13.51 +1.05 9.83+0.67*

The passive and active membrane properties of medium spiny NAc neurons were measured by current clamp recordings from brain slices of wild-type
and f/fc-fos-D1-cre mice. Values represent the mean+SEM for the number of neurons indicated (*p < 0.05; Student's t-test).

RMP: resting membrane potential; AP: action potential; AHP: after-hyperpolarization.
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